Bile salts play an important role in the digestion of lipids in vertebrates and are synthesized and conjugated to either glycine or taurine in the liver. Following secretion of bile salts into the small intestine, intestinal microbes are capable of deconjugating the glycine or taurine from the bile salts, using an enzyme called bile salt hydrolase (Bsh). Intestinal lactobacilli are regarded as major contributors to bile salt hydrolysis in vivo. Since the bile salt-hydrolyzing strain Lactobacillus plantarum WCFS1 was predicted to carry four bsh genes (bsh1, bsh2, bsh3, and bsh4), the functionality of these bsh genes was explored using Lactococcus lactis heterologous overexpression and multiple bsh deletion strains. Thus, Bsh1 was shown to be responsible for the majority of Bsh activity in L. plantarum WCFS1. In addition, bsh1 of L. plantarum WCFS1 was shown to be involved in conferring tolerance to specific bile salts (i.e., glycocholic acid). Northern blot analysis established that bsh1, bsh2, bsh3, and bsh4 are all expressed in L. plantarum WCFS1 during the exponential growth phase. Following biodiversity analysis, bsh1 appeared to be the only bsh homologue that was variable among L. plantarum strains; furthermore, the presence of bsh1 correlated with the presence of Bsh activity, suggesting that Bsh1 is commonly responsible for Bsh activity in L. plantarum strains. The fact that bsh2, bsh3, and bsh4 genes appeared to be conserved among L. plantarum strains suggests an important role of these genes in the physiology and lifestyle of the species L. plantarum. Analysis of these additional bsh-like genes in L. plantarum WCFS1 suggests that they might encode penicillin acylase rather than Bsh activity, indicating their implication in the conversion of substrates other than bile acids in the natural habitat.
Bile salts play an essential role in lipid digestion in vertebrates. They act as a detergent that emulsifies and solubilizes dietary lipids and lipid-soluble vitamins. In the liver, bile acids are synthesized and conjugated as an N-acyl amidate with the amino acid taurine or glycine before being excreted via the bile duct into the small intestine (see Fig. S1 in the supplemental material). Usually, species of the intestinal microbiota, including a number of lactobacilli, produce bile salt hydrolases that are able to deconjugate the amino acid moiety from the bile salts in the intestine (see Fig. S1 in the supplemental material). A strong correlation has been found between the habitat of a specific bacterial species or strain and Bsh activity (48) , suggesting a relationship between the capability to deconjugate bile salts and survival or persistence of bacteria under gastrointestinal conditions. Furthermore, intestinal bile salt deconjugation is believed to play an important role in host physiology, as it is the gatekeeping reaction in further oxidation and dehydroxylation steps of primary bile salts (as synthesized by the host) into secondary bile salts by intestinal bacteria. Notably, the production of secondary bile acids has been linked to various intestinal diseases, such as the formation of gallstones and colon cancer (45) .
According to the enzyme classification system, bile salt hydrolase (Bsh; EC 3.5.1.24) belongs to the category of enzymes that act on carbon-nitrogen bonds other than peptide bonds in linear amides. Among others, this enzyme category includes members of the ␤-lactam acylase family, such as penicillin and cephalosporin acylases (EC 3.5.1.11) and ceramidases (EC 3.5.1.23). Although Bsh shares significant sequence homology with some of the enzymes in the EC 3.5.1 group and the type of bond that is cleaved is identical, the types of substrates that can be converted by the various enzymes are quite heterogeneous and may vary significantly in molecule size and hydrophobicity.
Bsh activity has been found in a wide variety of mostly gram-positive species (for a review, see reference 3), including Bifidobacterium (23, 26, 49) , Clostridium (22, 27, 28, 34) , Enterococcus (19) , Listeria (4), and Lactobacillus (2, 10-12, 18, 24, 33, 35, 43) species, with the exception of the gram-negative Bacteroides species (34, 47) . Thus, Bsh activity does not appear to be limited to either pathogenic or probiotic strains. The Lactobacillus plantarum WCFS1 genome (29) was predicted to contain four related genes, annotated as bsh1 to bsh4, that are spread throughout the genome (29) , and the amino acid identity levels of the corresponding putative proteins range from 21 to 39%. However, functional analysis of an L. plantarum WCFS1 bsh1 mutant suggested that Bsh1 is responsible for the majority of Bsh activity produced by this strain (33) .
Here we present a functional analysis of bsh1, bsh2, bsh3, and bsh4 of L. plantarum WCFS1. To investigate the predicted functions of these genes, each of the four bsh genes was overexpressed in the Bsh-deficient species Lactococcus lactis. In addition, single, double, triple, and quadruple bsh knockout mutants of L. plantarum WCFS1 were constructed to evaluate the contributions of the individual bsh genes to hydrolysis of and/or tolerance to various substrates, including bile salts, penicillin V, and acyl-homoserine lactones. Furthermore, the evolutionary conservation of bsh homologs was investigated in several strains of the species L. plantarum, using complete genome hybridization (CGH) (38) . These results indicated that bsh2, bsh3, and bsh4 appear to be conserved among L. plantarum strains, suggesting an important physiological role. In addition, the presence of bsh1 appeared to be correlated with the Bsh activity of L. plantarum strains.
(Invitrogen, Breda, The Netherlands). Subsequently, the bsh1 gene was recovered from the resulting plasmid as a 1.1-kb AflII-HindIII fragment and cloned downstream of and translationally fused to the nisA promoter in NcoI-HindIIIdigested pNZ8048 (31, 36) . The resulting nisin-controlled bsh1 expression plasmid was designated pNZ5306.
A DNA fragment containing bsh2 was amplified by PCR, using Pfx polymerase, with L. plantarum genomic DNA as a template and primers bsh2F2 and bsh2R. The amplicon obtained was digested with HindIII, and the resulting 1.1-kb fragment was cloned downstream of and translationally fused to the nisA promoter in pNZ8150 (36) digested with ScaI and HindIII, resulting in the bsh2 overexpression vector pNZ5307.
The overexpression plasmid for bsh3 was constructed analogously to the bsh1 plasmid pNZ5306. A bsh3-containing PCR amplicon (using Pfx polymerase, L. plantarum WCFS1 genomic DNA as a template, and primers bsh3F and bsh3R) was initially cloned into pCR-blunt (Invitrogen, Breda, The Netherlands), and a 1.1-kb fragment containing bsh3 was subcloned into pNZ8048 following the same cloning strategy as that employed with bsh1, yielding pNZ5308, which contains the bsh3 gene under control of the nisA transcription and translation signals.
Finally, a bsh4-containing DNA fragment was amplified by PCR, using Pfx polymerase, with L. plantarum WCFS1 genomic DNA as a template and primers bsh4F2 and bsh4R. The amplicon obtained was cloned into the pCR-Blunt vector. The bsh4 gene was recovered from the resulting plasmid by digestion with KpnI and ApaLI, followed by partial digestion with AflIII and cloning of the 1.1-kb, bsh4-containing fragment downstream of and translationally fused to the nisA promoter in NcoI-KpnI-digested pNZ8048, yielding the bsh4 overexpression construct pNZ5309.
For all overexpression constructs, the sequence of the cloned bsh gene was confirmed to be correct by sequencing. For overexpression studies of the bsh genes in L. lactis by use of the NICE system, pNZ5306, pNZ5307, pNZ5308, and pNZ5309 were transformed into L. lactis NZ9000.
Construction of bsh deletion mutant strains. For the construction of deletion derivatives of L. plantarum WCFS1 that lack one or more of the bsh genes, the previously reported Cre-lox-based system for multiple gene deletions was used (33) . The bsh1 deletion vector pNZ5325 and bsh1 deletion strain NZ5305 were constructed previously (33) (see Table S1 in the supplemental material). The bsh2 mutagenesis vector pNZ5329 (see Table S1 in the supplemental material) was constructed by successive cloning of the PCR-amplified 1.0-kb 5Ј and 3Ј chromosomal flanking regions of bsh2 (lp_0067) (using Pfx polymerase, L. plantarum WCFS1 genomic DNA as a template, and the primer sets bsh2kofr1F/ bsh2kofr1R and bsh2kofr2F/bsh2kofr2R, respectively [see Table S2 in the supplemental material]) into the SwaI and Ecl136II restriction sites of pNZ5319 (see Table S1 in the supplemental material), respectively (33) . Analogously, the bsh3 mutagenesis vector pNZ5332 (see Table S1 in the supplemental material) was constructed by successive cloning of the PCR-amplified 1.0-kb 5Ј and 3Ј chromosomal flanking regions of bsh3 (lp_3362) (using Pfx polymerase, L. plantarum WCFS1 genomic DNA as a template, and primer sets bsh3kofr1NheF/ bsh3kofr1R and bsh3kofr2F/bsh3kofr2R, respectively [see Table S2 in the supplemental material]) into the PmeI and Ecl136II restriction sites of pNZ5319 (see Table S1 in the supplemental material), respectively (33) . Finally, the bsh4 mutagenesis vector pNZ5336 (see Table S1 in the supplemental material) was constructed by successive cloning of the PCR-amplified 1.0-and 0.9-kb 5Ј and 3Ј chromosomal flanking regions of bsh4 (lp_2572) (using Pfx polymerase, L. plantarum WCFS1 genomic DNA as a template, and primer sets bsh4kofr1F/ bsh4kofr1R and bsh4kofr2F2/bsh4kofr2SalR, respectively [see Table S2 in the supplemental material]) into the SwaI and Ecl136II restriction sites of pNZ5319 (see Table S1 in the supplemental material), respectively (33) . For all bsh deletion constructs, the sequences of the cloned PCR-amplified regions were verified by double-strand sequence analysis (BaseClear, Roosendaal, The Netherlands).
The bsh deletion strains NZ5305 (⌬bsh1), NZ5307 (⌬bsh2), NZ5309 (⌬bsh3), NZ5311 (⌬bsh4), NZ5313 (⌬bsh1 ⌬bsh2), NZ5315 (⌬bsh3 ⌬bsh4), NZ5324 (⌬bsh1 ⌬bsh2 ⌬bsh3), NZ5326 (⌬bsh1 ⌬bsh2 ⌬bsh4), NZ5328 (⌬bsh1 ⌬bsh3 ⌬bsh4), NZ5330 (⌬bsh2 ⌬bsh3 ⌬bsh4), and NZ5332 (⌬bsh1 ⌬bsh2 ⌬bsh3 ⌬bsh4) were constructed as described previously (33) (see Table S1 and Fig. S1 in the supplemental material). Briefly, the desired bsh deletion vector was transformed into L. plantarum WCFS1 or one of its mutant derivatives by electroporation (33) , and double-crossover gene replacement mutants in which the target gene was replaced by a lox66-P 32 -cat-lox71 cassette were selected based on their Cm r Em s phenotype. Correct integration of the lox66-P 32 -cat-lox71 cassette into the genome was confirmed by PCR amplification of the flanking regions of the integrated lox66-P 32 -cat-lox71 cassette, using primers annealing uniquely to genomic sequences combined with the mutagenesis vector-specific primers 85 and 87 that annealed to the P 32 -cat region (i.e., primers 106a/85 and 87/107a for bsh1 replacement, bsh2ko-up/85 and 87/bsh2ko-down for bsh2 replacement, 4720 LAMBERT ET AL. APPL. ENVIRON. MICROBIOL.
bsh3ko-up/85 and 87/bsh3ko-down for bsh3 replacement, and bsh4ko-up/85 and 87/bsh4ko-down for bsh4 replacement [see Table S2 in the supplemental material]). Subsequently, the lox66-P 32 -cat-lox71 cassette was removed from the genome by transient expression of the Cre recombinase enzyme from a plasmid that is unstable in lactobacilli (pNZ5348), leading to stable deletion of the bsh gene, as described earlier (33) . The Cre-lox-based mutagenesis system was designed specifically to allow subsequent rounds of mutagenesis within a single genetic background by using single-nucleotide mutant lox sites (lox66 and lox71) that, after recombination, lead to a double mutant lox (lox72) recombination site that is not recognized by Cre in subsequent rounds of mutagenesis (33) . The L. plantarum bsh deletion mutant strains were checked by PCR, amplifying each of the four (mutated) bsh loci by using bsh1fr1F/bsh1R (yielding a 1.4-kb and a 0.5-kb product for the wild-type locus and mutated locus, respectively), bsh2fr1intF/bsh2contrR (yielding a 1.4-kb and a 0.4-kb product for the wild-type locus and mutated locus, respectively), bsh3fr1intF/bsh3R (yielding a 1.4-kb and a 0.5-kb product for the wild-type locus and mutated locus, respectively), and bsh4fr1intF/bsh4R (yielding a 1.2-kb and a 0.3-kb product for the wild-type locus and mutated locus, respectively) for bsh1, bsh2, bsh3, and bsh4, respectively ( Fig.  1 ). Using this system, L. plantarum WCFS1 derivatives were constructed with stable deletion mutations in one, two, three, or all four of the bsh genes (see above; see Table S1 in the supplemental material). High-performance liquid chromatography (HPLC) assay of Bsh activity. To determine the Bsh activities of L. plantarum strains, overnight cultures were inoculated 1:10 in fresh MRS medium and cells were either grown to an OD 600 of 3 or grown overnight. Cells were harvested by centrifugation for 10 min at 3,500 ϫ g at room temperature (Megafuge 1.0R; Heraeus, Hanau, Germany) and resuspended in MRS medium to an OD 600 of 100.
Overexpression of individual bsh genes in L. lactis by use of the NICE system was performed using established protocols (14) . In short, overnight cultures of the L. lactis bsh overexpression strains were subcultured (1:50) in fresh G-M17 medium and grown to an OD 600 of 0.5. Subsequently, 1 ng/ml nisin (Sigma, Zwijndrecht, The Netherlands) was added to these cultures, and growth was continued for 2 h. Cells were harvested by centrifugation for 10 min at 3,500 ϫ g at room temperature (Megafuge 1.0R; Heraeus, Hanau, Germany). Cell pellets were resuspended to a final OD 600 of 200 in 55 mM sodium acetate buffer, pH 6.5, containing 1 mM dithiothreitol (DTT) and 1 g of zirconium beads (52) and mechanically disrupted (FastPrep FP120; Qbiogene, Illkirch, France). Following centrifugation, cell extracts were used immediately. The protein concentration in cell extracts was determined as described previously (6) .
Conversion of 1 mmol/liter of the bile salts glycocholic acid, glycodeoxycholic acid (GDC), glycochenodeoxycholic acid, taurocholic acid (TC), taurodeoxycholic acid (TDC), and taurochenodeoxycholic acid (Sigma, Zwijndrecht, The Netherlands) or of Fischer rat bile isolated by drainage from the bile duct (courtesy of Wageningen University, Wageningen, The Netherlands) by intact cells of L. plantarum or cell extracts of L. lactis bsh overexpression strains was determined at 37°C by HPLC as described previously (13) . Separations were carried out with a reversed-phase resin-based column (PLRP-S; 5 m by 300 Å by 250 mm by 4.6-mm inner diameter [Polymer Laboratories, Shropshire, United Kingdom]) and matching precolumn. Bile salts were detected using a pulsed amperometric detector (EG&G Princeton Applied Research, Princeton, NJ) equipped with a gold working electrode and a reference electrode (Ag/AgCl). Chromatograms were analyzed and integrated using the Chromeleon program (Dionex, Sunnyvale, CA), and Bsh activity was determined based on the disappearance of the conjugated bile salts used as a substrate.
Alternative acylase functionality. Cell extracts of bsh-overexpressing L. lactis strains in physiological salt (following the procedures described above) were analyzed for alternative acylase activity (see Table S3 in the supplemental material). To determine penicillin, ampicillin, cephalosporin, acyl-homoserine lactone, and phenylacetylglycine acylase activities, 5 volumes of the cell extract was mixed with 5 volumes of 100 mM sodium acetate buffer, pH 5, containing 1 mM DTT and 1 volume of 100 mM of penicillin V, penicillin G, ampicillin, cephalosporin C, ketocaproyl-homoserine lactone, oxooctanoyl-homoserine lactone, or phenylacetylglycine and incubated overnight at 37°C. To stop the reaction, 35 volumes of 285 mM sodium acetate buffer, pH 4, was added. Free amino groups resulting from enzymatic conversion of the substrate were detected by the addition of 5 volumes of 10 mg/ml fluorescamine in acetone, centrifugation for 10 min at 3,000 ϫ g at room temperature (TechnoSpin R; Sorval Instruments), and measurement of fluorescence in the supernatant (excitation at 360 nm and emission at 465 nm) (GENios F129004; Tecan Benelux, Giessen, The Netherlands). As a positive control, purified penicillin acylase and purified end products of the acylase reactions (6-aminopenicillanic acid, 7-aminocephalosporanic acid, homoserine lactone, and glycine) (Sigma, Zwijndrecht, The Netherlands) were used.
Furthermore, acylase activity for 6-nitro-3-(phenylacetamido) benzoic acid (NIPAB; Sigma, Zwijndrecht, The Netherlands), which is a commonly used chromogenic substrate for assaying penicillin G acylase activity, was determined as described earlier (1, 32) . Briefly, 1 volume of cell extract was mixed with 9 volumes of 100 mM sodium acetate buffer containing 1 mM DTT and 2.5 mM NIPAB. Acylation of NIPAB at 25°C was determined by the increase of absorption at 405 nm, which was followed for 30 min and measured overnight. As a positive control, purified penicillin amidase of E. coli was used (Sigma, Zwijndrecht, The Netherlands).
Bile salt and penicillin V tolerance. To evaluate the tolerance of L. plantarum WCFS1 and its bsh mutant derivatives to bile salts and penicillins, overnight cultures were inoculated 1:20 into fresh MRS medium containing 0 to 30% ox gall (wt/vol), 0 to 0.4% (wt/vol) GDC, 0 to 10% (wt/vol) TDC, and 0 to 14 g/ml penicillin V. Growth was followed for 16 h by measurement of the OD 600 at 37°C at intervals of 15 min (Spectra Max Plus 384; Molecular Devices, Sunnyvale, CA).
bsh diversity in L. plantarum strains. The genomic diversity of L. plantarum strains (299, 299v, CIP102359, CIP104440, CIP104441, CIP104448, CIP104450, CIP104451, CIP104452, LP85-2, NCIMB12120, and SF2A35B) was previously investigated by use of strain WCFS1-derived DNA microarrays (38) . This genomic genotyping database allowed the evaluation of the presence and/or absence of homologues of the four genes that were initially annotated in the L. plantarum WCFS1 genome as bsh genes (bsh1, bsh2, bsh3, and bsh4). Following statistical analysis, a positive cutoff P value of 1e Ϫ5 was used for presence calling of bsh homologs.
Detection of Bsh activity in L. plantarum strains. The presence of Bsh activity in different L. plantarum strains (299, 299v, CIP102359, CIP104440, CIP104441, CIP104448, CIP104450, CIP104451, CIP104452, LP85-2, NCIMB12120, and SF2A35B) was detected using a bile salt plate assay, as described earlier (12) . Briefly, overnight cultures of L. plantarum strains were transferred to solid MRS medium, with or without 0.5% (wt/vol) of the bile salt TDC, and incubated anaerobically for 48 h at 37°C. Bsh-active strains were recognized by the formation of opaque white colonies in the presence of TDC, which is due to the precipitation of deconjugated bile salt forms.
RESULTS
Expression of bsh genes. L. plantarum WCFS1 contains four related bsh genes (29) . The expression of these genes was studied by Northern blotting during exponential growth phase in the presence or absence of porcine bile (data not shown). The probes used for Northern blotting were specific for each of Divergence of Bsh in L. plantarum. In order to explore the functionality of the bsh genes of L. plantarum further, the presence of homologues of the four bsh genes of L. plantarum WCFS1 in other L. plantarum strains was determined by analysis of L. plantarum genomic DNA samples on L. plantarum WCFS1-specific microarrays, as described earlier (38) , using a positive cutoff P value of 1e Ϫ5 for bsh gene presence calls. The presence and absence calls were correlated with the experimentally determined capability of these strains to hydrolyze bile salts, using a previously described Bsh plate assay (12; data not shown). Remarkably, in all L. plantarum strains, bsh2, bsh3, and bsh4 generated very good probability scores for gene presence, suggesting that these genes are highly conserved among L. plantarum strains. In contrast, the presence of a gene homologous to bsh1 appeared to vary among the strains analyzed. The bsh1 gene appeared to be absent in 4 of the 13 strains analyzed, which appeared to correlate well with the absence of Bsh activity in these four strains. The remaining nine strains appeared to contain a bsh1 homologue, as concluded from CGH analysis. Seven of these nine strains also displayed clearly detectable Bsh activity in the plate assay employed, while the other two strains did not display activity in this assay. Therefore, it is likely that Bsh activity is related to the presence of a bsh1 homologue in the species L. plantarum.
Bsh activities of individual Bsh proteins. Since all bsh genes of L. plantarum WCFS1 appeared to be expressed during exponential growth, the contributions of the individual bsh genes to the total Bsh activity were determined. For this purpose, heterologous bsh overexpression strains of L. lactis were established. Furthermore, a set of single and multiple bsh deletion derivatives of L. plantarum WCFS1 was constructed (see Table  S1 in the supplemental material).
Heterologous overexpression strains. For heterologous overexpression using the NICE system (36), vectors pNZ5306, pNZ5307, pNZ5308, and pNZ5309, containing the bsh1, bsh2, bsh3, and bsh4 genes, respectively, translationally coupled to the nisin-inducible nisA promoter, were constructed and transformed into the Bsh-deficient bacterium L. lactis NZ9000. Only following nisin induction could overexpression protein products be detected by SDS-PAGE for Bsh2 and Bsh3 ( Fig.  2A) , at their expected molecular masses of 38 and 36 kDa, respectively. HPLC-based Bsh activity assays (13) using taurine-and glycine-conjugated bile salts of cholic acid, deoxycholic acid, and chenodeoxycholic acid as substrates (see Fig.  S1 in the supplemental material) revealed that Bsh1, Bsh3, and Bsh4, but not Bsh2, are capable of bile salt deconjugation ( Fig.  2A) . These results confirmed the functional heterologous expression of both Bsh1 and Bsh4, despite the lack of detection of the corresponding protein products by SDS-PAGE; in heterologous expression, the amount of protein produced is not necessarily correlated to specific activity. Bsh1 and Bsh3 displayed a strong preference for glycine-conjugated bile salts compared to taurine-conjugated bile salts, while Bsh4 appeared to exclusively convert glycine-conjugated bile salts. Moreover, consistent differential substrate specificity of Bsh1, Bsh3, and Bsh4 was observed, with a substrate preference diminishing from deoxycholic acid to chenodeoxycholic acid and to cholic acid-conjugated bile salts (Fig. 2B) .
Combinatorial bsh deletion strains. In parallel, a set of combinatorial bsh mutant derivatives ( Fig. 1 ; see Table S1 in the supplemental material) of L. plantarum WCFS1 was con-
FIG. 2. (A)
Protein gel and activities of heterologous overexpression products of bsh1, bsh2, bsh3, and bsh4, using the NICE system (36) in L. lactis. The predicted sizes of the Bsh1, Bsh2, Bsh3, and Bsh4 proteins were 37, 38, 36, and 36 kDa, respectively. For Bsh2 overexpression, no Bsh activity was detected. Bsh3 and Bsh4 were capable of marginal Bsh activity, with no activity found for Bsh4 for taurineconjugated substrates. In contrast, Bsh1 overexpression yielded major Bsh activity. 0, no nisin induction; 1, induction with 1 ng/ml nisin; * , protein band differentially expressed following nisin induction. (B) Substrate preference of Bsh proteins. For all heterologous Bsh overexpression strains, substrate preference diminished from GDC to TC. As an example, the substrate preference of the heterologous Bsh1 overexpression strain is shown. (C) GDC deconjugation activities of L. plantarum WCFS1 and its bsh mutant derivatives at logarithmic and stationary growth phases. Gray bars represent the Bsh activity in the logarithmic growth phase; black bars represent the Bsh activity in stationary phase. NZ5330, ⌬bsh2 ⌬bsh3 ⌬bsh4 phenotype; NZ5328, ⌬bsh1 ⌬bsh3 ⌬bsh4 phenotype; NZ5326, ⌬bsh1 ⌬bsh2 ⌬bsh4 phenotype; NZ5324, ⌬bsh1 ⌬bsh2 ⌬bsh3 phenotype; NZ5332, ⌬bsh1 ⌬bsh2 ⌬bsh3 ⌬bsh4 phenotype.
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LAMBERT ET AL. APPL. ENVIRON. MICROBIOL. structed using a Cre-lox-based mutation system that allows the effective deletion of multiple genes in a single genetic background (33) . The bsh mutant derivatives were checked by PCR, amplifying each of the four bsh loci (Fig. 1) . Growth appeared to be unaffected in these mutants compared to that of the parental strain, indicating that the deleted genes were not necessary for growth under normal laboratory conditions (data not shown). Bsh activity was analyzed using an HPLC-based assay (13), with the purified bile salt GDC (Fig. 2C) and male Fischer rat bile (data not shown) as substrates for the triple and quadruple bsh mutant strains (NZ5324, NZ5326, NZ5328, NZ5330, and NZ5332). These experiments revealed that cells harboring an intact copy of the bsh1 gene (NZ5330) displayed Bsh activity levels that were comparable to those of the wild-type strain, confirming previous studies identifying this gene as the major Bsh-encoding gene in L. plantarum (33) . Moreover, Bsh1-dependent Bsh activity declined drastically (about 40 times) in cells harvested during stationary growth phase compared with the activity in cells obtained from the logarithmic phase of growth (Fig. 2C) , indicating growth phase-dependent expression of the bsh1 gene. In all triple mutant, bsh1-deficient strains (NZ5324, NZ5326, and NZ5328) and the quadruple bsh mutant strain (NZ5332), a small but detectable amount of bile salt hydrolysis was found (Fig. 2C) , which appeared to be bsh2, bsh3, or bsh4 independent.
Alternative functionality of individual Bsh proteins. Since in L. plantarum WCFS1 the bile salt hydrolase activity appeared to be independent of bsh2, bsh3, and bsh4, the functionality of these genes was investigated by determination of the activities of the Bsh proteins on a variety of putative alternative (nonbile salt) substrates (see Table S3 in the supplemental material). The Bsh proteins of L. plantarum WCFS1 share significant sequence homology with penicillin V acylase enzyme family members (including the experimentally verified penicillin V acylase of Listeria monocytogenes EGDe [4] , with amino acid identity levels ranging from 30 to 26%), which are in turn related to ␤-lactam acylases and to acyl-homoserine lactone acylases, which play a key role in quorum sensing-dependent gene regulation in gram-negative bacteria. Bsh, penicillin acylase, ␤-lactam acylase, and acyl-homoserine lactone acylase all act on the same type of chemical bond, although the structures of their substrates differ considerably (see Fig. S2 in the supplemental material). Thus, the activities of the overexpression products for the individual Bsh proteins, using the NICE system (36) in L. lactis NZ9000 (using pNZ5306, pNZ5307, pNZ5308, and pNZ5309), were determined for the substrates penicillin V, penicillin G, NIPAB (which is a commonly used substrate for spectrophotometric detection of penicillin acylase activity), the ␤-lactams ampicillin and cephalosporin C, ketocaproyl-homoserine lactone, oxooctanoyl-homoserine lactone, and phenylacetylglycine, which is a molecule that is involved in phenylalanine metabolism and thereby readily available to L. plantarum and is cleaved by penicillin acylase of E. coli (51) (see Table S3 and Fig. S2 in the supplemental material) .
For NIPAB, ampicillin, cephalosporin C, and phenylacetylglycine, no activity could be detected in any of the Bsh overexpression strains. However, bsh3 (and, to a lesser extent, bsh2 and bsh4) overexpression resulted in an increase in acylase activity of penicillin V (on average, 4.3, 2.2, and 1.8 times, respectively) relative to that of the control strain NZ9000 in several independent experiments (Fig. 3) . These findings clearly suggest a role as a penicillin acylase for Bsh3, and possibly Bsh2 and Bsh4. In addition, bsh2, bsh3, and bsh4 overexpression strains all showed increases in activities (on average, 1.9 times) toward penicillin G, ketocaproyl-homoserine lactone, and oxooctanoyl-homoserine lactone relative to those of NZ9000, suggesting a broad range of enzyme specificities. Notably, the bsh1 overexpression strain showed no significant activity toward penicillin V, penicillin G, ketocaproyl-homoserine lactone, or oxooctanoyl-homoserine lactone compared to those of NZ9000, confirming the role of bsh1 as a bona fide Bsh.
Bile salt and penicillin V tolerance. The contributions of the individual bsh genes to the tolerance of the bile salts TDC and GDC, ox gall, and penicillin V (see Fig. S1 and S2 in the supplemental material) were determined using the triple and quadruple L. plantarum bsh mutant strains (NZ5324, NZ5326, NZ5328, NZ5330, and NZ5332). To this end, growth in the presence of a range of bile (salt) and penicillin concentrations was monitored spectrophotometrically.
L. plantarum was able to grow in the presence of up to 30% (wt/vol) of ox gall, with no significant differences in growth between the strains (data not shown). However, due to the high concentrations of ox gall used, measurements were severely hampered. In addition, L. plantarum was able to grow in the presence of Ͼ14% (wt/vol) of TDC, with no significant differences found for the strains used (data not shown). However, L. plantarum appeared to be remarkably more sensitive to GDC, with obvious differences between the strains (data not shown). The results clearly established that the presence of bsh1 in L. plantarum enhances GDC bile salt tolerance. Each of the bsh1-deficient derivatives displayed GDC-mediated growth inhibition at concentrations as low as 0.1% (wt/vol) GDC. In contrast, strains containing an intact bsh1 gene were capable of sustaining normal growth characteristics at up to 0.5 to 0.7% (wt/vol) GDC. Analogous with the limited level of hydrolytic activity toward bile salts, bsh2, bsh3, and bsh4 did not appear to contribute significantly to tolerance of GDC.
Furthermore, growth of L. plantarum was inhibited at the lowest concentration of penicillin V tested (0.3 g/ml), with complete inhibition of growth in the presence of 8 g/ml penicillin V. However, no difference was found between WCFS1   FIG. 3 . Changes in activity of heterologous overexpression products of bsh1, bsh2, bsh3, and bsh4, using the NICE system (36) in L. lactis NZ9000, relative to that in strain NZ9000 for penicillin V (penV), penicillin G (penG), ketocaproyl-homoserine lactone (KC-HSL), and oxooctanoyl-homoserine lactone (OO-HSL).
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and its bsh mutant derivatives, indicating that none of the bsh genes appeared to influence penicillin V tolerance in L. plantarum under the conditions analyzed here.
DISCUSSION
Bile salt hydrolysis is a biologically important reaction in the intestinal tract, since it is the first step in bile salt biotransformations carried out by intestinal bacteria. The formation of secondary bile salts has a significant impact on the physiology of the host, as exemplified by suggestions regarding their implication in lowering of blood cholesterol levels (42) and in various intestinal diseases, such as the formation of gallstones and colon cancer (45) . Furthermore, deconjugated bile salts were shown to induce mucin production by intestinal epithelial cells (30) , possibly indicating irritation of the epithelial cells by the strong surface-active properties of deconjugated bile salts.
Remarkably, for several strains (e.g., Lactobacillus johnsonii 100-100 and NCC533, Lactobacillus acidophilus NCFM, and L. plantarum WCFS1), the presence of more than one gene encoding a Bsh homologue has been predicted. In L. plantarum WCFS1, the sequences of the bsh genes share higher levels of similarity with bsh genes from other strains or species than with each other. For example, bsh1 shares highest sequence similarity with the bsh genes of other L. plantarum strains and Enterococcus faecalis, whereas bsh2 and bsh4 share sequence similarity with the sequence annotated as bsh of Lactobacillus brevis and share no significant sequence similarity with any other organism whose sequence is publicly available; by analogy, bsh3 shares significant sequence similarity only with the sequence annotated as bsh of Lactobacillus sakei and L. brevis. The bsh genes of L. plantarum WCFS1 may have been acquired via horizontal gene transfer, as suggested earlier for L. johnsonii (18) . However, the overall conservation among L. plantarum strains of the bsh2 to bsh4 genes would indicate that this acquisition occurred very early in the evolution of this species. Moreover, this high level of conservation also supports an important role of these genes in the physiology and lifestyle of the species L. plantarum.
In line with the previous finding that bsh1 is the major Bsh in L. plantarum WCFS1 (33), the presence of bsh1 appeared to correlate with the capability to hydrolyze bile salts in 11 of 13 L. plantarum strains. For 2 of 13 strains, however, a Bsh1 homolog was concluded to be present, while the capability to hydrolyze TDC was not detected in these strains. However, this apparent inconsistency can be explained by the fact that the detection of the presence of bsh1 in a particular strain does not necessarily correlate with expression of functional Bsh1 that is identical to the protein expressed by L. plantarum WCFS1. Firstly, the bsh1-like gene found by CGH analysis may contain disruptive (point) mutations, leading to detection of the gene but a lack of functionality. Secondly, the presence of a bsh1-like gene in a particular strain does not give any information on the expression of this gene under the conditions applied in the enzyme assay. Thus, the presence of a gene does not necessarily correlate with expression of this gene. Thirdly, the bsh1 homologues found may display a more stringent substrate preference than that of Bsh1 of L. plantarum WCFS1, thereby failing to convert the specific bile salt TDC used in this experiment. Thus, the Bsh1 homologues may display activity for bile salts other than TDC.
In L. plantarum WCFS1, the presence of bsh1 correlated with GDC tolerance but not with TDC tolerance. The capacity to hydrolyze bile salts has been found to be linked to bile salt tolerance in L. plantarum (15) and several other bacteria, including Lactobacillus amylovorus (24) , Listeria monocytogenes (4), and Bifidobacterium (40) . Thus, the preference of L. plantarum WCFS1 for deconjugation of glycine-over taurine-conjugated bile salts appears to be reflected in the differential tolerance toward GDC and TDC. This could be related to the higher toxicity of glycine-conjugated bile salts than of taurineconjugated bile salts, leading to evolution of a preference of Bsh for glycine-conjugated bile salts. Indeed, most Bsh proteins show a preference for glycine-conjugated bile salts (3) . Although the precise mechanism is unknown, bile salt hydrolysis could be of great importance for survival in vivo. Since deconjugated bile acids display reduced solubility compared to their conjugated counterparts, especially at lower pH values, bile salt hydrolysis may lead to precipitation of the bile salts and thereby relieve stress levels caused by these surface-active chemicals. Thereby, the capability to hydrolyze bile salts may contribute to the survival and persistence of bacterial strains in the intestinal tract, as previously shown for Listeria monocytogenes (17) . Analogously, Bsh activity appears to be present in all lactobacilli isolated from the gastrointestinal environment (48) . Notably, L. plantarum WCFS1 is capable of persisting in the mouse gastrointestinal tract for 10 days (41) and has been shown to display relatively high survival and activity during transit of the human gastrointestinal tract (53) . Additional animal experiments using the set of L. plantarum WCFS1 bsh mutant derivatives constructed in this work may clarify the role of the bsh genes in persistence and survival of the organism in the gastrointestinal tract.
All four of the bsh genes of L. plantarum WCFS1 are expressed during the exponential phase of growth as monocistronic transcripts. The expression of the bsh genes did not appear to be induced as a consequence of exposure to porcine bile during growth in liquid media. In contrast, previous wholegenome transcriptome studies suggested that expression of bsh1 was induced by porcine bile when cells were grown on solid media, while the expression of bsh3 appeared to be repressed under these conditions (7). In the same study, no regulation of bsh2 or bsh4 by porcine bile was detected. Notably, these findings are in apparent agreement with the finding that bsh1 and, to a lesser extent, bsh3 are capable of bile salt hydrolysis. Nevertheless, the discrepancy in regulation of bsh expression may be due to the difference in growth conditions used (liquid versus solid medium). Explaining these different findings would require further investigation of the regulation of expression of bsh as a function of culture conditions. Heterologous overexpression of the bsh genes by use of the NICE system in the Bsh-deficient host L. lactis NZ9000 confirmed that Bsh1 is a functional and bona fide Bsh, as described earlier (33) . In addition, Bsh3 and Bsh4 displayed bile salt hydrolysis activity, although with lower enzymatic efficiencies than that of Bsh1, which suggests that these enzymes could contribute to the overall Bsh activity displayed by L. plantarum WCFS1. Analogous to what has been described for most of the Bsh enzymes studied to date (27, 37, 49, 50), the Bsh1, Bsh3, 4724 LAMBERT ET AL. APPL. ENVIRON. MICROBIOL.
and Bsh4 enzymes displayed a clear preference for glycoconjugated over tauroconjugated bile salts. Furthermore, the substrate preference of bsh1, bsh3, and bsh4 decreased from deoxycholic to chenodeoxycholic and cholic acid as the steroid moiety of the conjugated bile salts (see Fig. S1 and S2B in the supplemental material), which has previously also been found for the Bsh activity of Lactobacillus buchneri (39) . This substrate preference is probably related to the positioning and presence or absence of hydroxyl groups on the steroid moiety of the bile salts (see Fig. S1 in the supplemental material) and, concomitantly, the binding pocket properties of the enzyme. Mutation analysis with L. plantarum WCFS1 confirmed that Bsh1 is the major Bsh. Nevertheless, differential activity of Bsh2, Bsh3, or Bsh4 under specific conditions or selective activity toward specific bile salts cannot be excluded. Screening for involvement of the bsh genes of L. plantarum WCSF1 in the conversion of various putative alternative substrates showed that Bsh3 and, to a lesser extent, Bsh2 and Bsh4 were able to hydrolyze penicillin V and penicillin G. To date, the in vivo role of penicillin acylase remains unknown. Notably, the enzyme name appears to reflect primarily its industrial application rather than its natural substrate. Therefore, Bsh2, Bsh3, and Bsh4 may play a role in acylation of compounds other than the substrates tested here, such as additional phenylacetic acid derivatives, as suggested by the capability of penicillin acylases to cleave these substrates in addition to penicillins (51) . Indeed, phenylacetic acid derivatives would be available to L. plantarum in vivo, since they are formed by microbial activity on plant constituents, where L. plantarum was found to occur naturally (20) . However, these substrates are not commercially available. In addition, low-level acylase activity by Bsh2, Bsh3, and Bsh4 toward two types of acyl-homoserine lactones was found, indicating the broad substrate specificity of these enzymes. Acyl-homoserine lactones could have an important function in adhesion of bacteria to the epithelium of the intestinal tract. For example, the pathogen Pseudomonas aeruginosa was found to upregulate PA-1 lectin/adhesin, an important virulence factor in this strain, in response to butanoyl-homoserine lactone in the environment (56) . Therefore, bacteria that are capable of cleaving acyl-homoserine lactones could be of importance in preventing the adhesion of pathogens in the intestinal tract; however, acyl-homoserines appeared not to be the natural substrate for the Bsh proteins of L. plantarum WCFS1 due to the relatively low activity toward them.
Bsh1 showed detectable activity only toward bile salts, suggesting that Bsh1 displays a more narrow substrate specificity than that of Bsh2, Bsh3, or Bsh4.
In conclusion, Bsh1 was found to be responsible for the majority of Bsh activity in L. plantarum WCFS1, and possibly in all L. plantarum strains. Computational analyses predicted three other Bsh-encoding genes to be present in L. plantarum WCFS1, while experimental evidence showed that the functionality of these genes is unclear but possibly relates to acylase activity, with penicillin-like chemicals as substrates. Notably, the conservation of bsh2, bsh3, and bsh4 suggests an important but so far unknown role of these genes in the physiology and lifestyle of the species L. plantarum.
